Localized spins and itinerant electrons rarely coexist in geometrically-frustrated spinel lattices.
The interplay between localized-spin and itinerant-electron behavior in geometrically-frustrated systems [1] is responsible for many intriguing phenomena such as a spin-liquid state [2] , heavy-fermion behavior [3] , spin-ice conduction [4] , and exotic phases [5] [6] [7] . While the interplay between the localized spins and itinerant electrons has been investigated intensively on pyrochlores A 2 B 2 O 7 where both A and B sublattices are frustrated [2] [3] [4] [5] [6] , it has rarely been explored on spinel systems AB 2 O 4 , where only the sublattice B is frustrated. In the spinels, the electronic itinerancy on sublattice B can be controlled by chemical pressure on sublattice A, which enhances magnetic frustration. On the other hand, magnetic A site ions can suppress the frustration through their magnetic interactions with the localized spins on sublattice B. Thus, one can anticipate a rich interplay between localized spins and itinerant electrons.
In the spinel vanadates AV 2 O 4 , the chemical pressure exerted by a small A-site cation can introduce itinerancy.
Since it has the smallest magnetic A-site cation of any known spinel vanadate, CoV 2 O 4 would be the ideal system to study the interplay between itinerancy and localized spins. In most spinels vanadates (AV 2 O 4 , A=Mn, Fe, Cd, Zn, Mg), non-collinear (NC) spin states are produced by the orbital ordering (OO) of partially-filled d-electrons on the V site, which relieves geometric frustration through a tetragonal distortion [8] [9] [10] [11] [12] [13] [14] . However, even in a cubic phase without OO, CoV 2 O 4 macroscopically exhibits NC and glassy spin states [15, 16] as well as other magnetic anomalies [17] . Therefore, the NC spin states in CoV 2 O 4 demand a detailed study.
Although the macroscopic spin-glass behavior of Mn 1−x Co x V 2 O 4 is enhanced by Co-doping [16] , CoV 2 O 4 has higher magnetic ordering temperatures than compounds Mn 1−x Co x V 2 O 4 with x < 1. Indeed, CoV 2 O 4 has higher collinear (T CL ) and NC (T NC ) spin transition temperatures than any other spinel. This stands in marked contrast to the pyrochlores [5, 6] , where spin-glass phases have lower ordering temperatures.
While its earlier characterization was hampered by the difficulty of fabricating single crystals, recent experiments on single crystals of CoV 2 O 4 have reported anomalous physical and magnetic properties [8, [15] [16] [17] . This paper clarifies the origin of the NC spin states of CoV 2 O 4 by using density functional theory (DFT) and spin models to interpret neutron-scattering measurements on CoV 2 O 4 single crystals.
In contrast to previous macroscopic measurements [15, 16] , our neutron scattering measurements show CoV 2 O 4 to be an ordered magnet rather than a spin glass. Nevertheless, some latent factors of CoV 2 O 4 can enhance frustration and drive it into a spin glass with the help of external perturbations. Chemically-driven pressure by Co increases itinerancy in CoV 2 O 4 . This itinerancy weakens the OO and thus enhances magnetic and structural isotropies. The frustration fostered by that isotropy [18] may be responsible for macroscopic glassy behavior in a magnetic field [15, 16] . Due to the enhanced frustration, external perturbation such as pressure or magnetic field could uncover novel magnetic phases in cubic CoV 2 O 4 . [19] . At the symmetry-allowed Bragg positions of (220) and (111), a ferrimagnetic (FIM) signals occur below T CL . While the (002) peak is forbidden by structural symmetry, the observed scattering below T N C indicates the formation of an antiferromagnetic (AFM) component in the ab-plane.
Results

NC spin states in cubic phase
The (002) magnetic reflection indicates that the collinear (CL) to NC magnetic transition at T N C coincides with the structural transition at T S in MnV 2 O 4 [12] . The (220) and (111) Bragg peaks show the FIM CL spin transition (T CL ∼150 K) and confirm recent X-ray diffraction and heat capacity measurements [16] that indicate the disappearance of the structural transition in CoV 2 O 4 . However, the additional magnetic transition in CoV 2 O 4 indicated by the (002) peak has an enhanced transition temperature T N C ∼75 K compared to T N C ∼57 K in MnV 2 O 4 . Despite the induced itinerancy, this (002) peak indicates the formation of the two-in/two-out (TI/TO) spin configuration on the V-sublattice. Based on the diffraction data, this spin configuration is similar to the spin configurations in MnV 2 O 4 [21] and FeV 2 O 4 [22] . As shown in Supplement, the full widths at half maximum of the Bragg peaks (111) and (220) are not broadened below T N C . Consequently, CoV 2 O 4 is an ordered magnet and not yet a spin glass.
Although CoV 2 O 4 is not a spin glass, magnetic frustration is still induced by electronic itinerancy. The ordered magnetic moment refined from the peaks in Fig. 1 [20] . Since the TI/TO state originates from OO in tetragonal compounds [21, 22] , the isosymmetric TI/TO state in cubic CoV 2 O 4 without any OO must have a different origin associated with its itinerancy and frustration.
Single-ion anisotropy suppressed by itinerancy
First-principles calculations were used to explore the microscopic origin for the complex NC state in cubic CoV 2 O 4 .
As shown in Fig. 2 spin structure, the disappearance of SIA fosters strong magnetic frustration [18] . In MnV 2 O 4 , that frustration was suppressed by OO. However, the frustration reappears in CoV 2 O 4 due to the melting of the OO and the suppression of the easy-axis anisotropy by itinerancy, as shown in Fig. 2 (a), (b). The recovered frustration may be responsible for the macroscopic spin-glass behavior [16] below T N C .
The SIA of A-site ( Fig. 2c ), (A=Co, Mn) is quite negligible compared to the SIA of V 3+ . While Mn 2+ has a weak easy-plane axis because of the compressed tetragonal structure (c/a<1), Co does not exhibit anisotropy because of the isotropic cubic structure. The SIA of Co 2+ is much less dependent on pressure than that of V 3+ since Co
2+
electronic states lie significantly below the Fermi energy ( F ) and are thereby electronically encapsulated, as shown in Fig. 3 (a). Only V 3+ states cross F . Therefore the pressure-induced itinerancy will only affect the spins on V 3+ sites.
Enhanced exchange couplings
As shown in Supplement, the Bragg peaks do not split or broaden with decreasing temperature below 100 K, indicating the absence of a strutural transition. In agreement with this measurement, DFT calculations confirm the structural isotropy (c/a = 1) of CoV 2 O 4 . As shown in External pressure may also increase the degree of frustration. For high external pressure [16, 17] ∼10 GPa, the enhanced itinerancy fully suppresses the local SIA (D V ∼0) of V as in Fig. 4(a) and revives the magnetic frustration of the pyrochlore lattice. Although AFM exchange between the Co and V sites then induces the observed isosymmetric TI/TO spin structure, the frustration fostered by itinerancy and the alternative states that compete with the TI/TO ground state are responsible for the measured magnetic anomalies [17] and spin-glass behavior [16] .
As shown in Figs. 2(a) and 4(a) , high pressure may stabilize a continuum of degenerate states where the two angles Fig. 4(d) . This degeneracy can induce spin-glass or spin-liquid-like behavior. Since neutron scattering is limited to relatively low pressures, these novel states should be studied with synchrotron magnetic X-ray scattering. Fig. 4(a) provides a guide to uncover the novel states produced by the regenerated frustration. Although all other magnetic couplings (isotropic J V−V , reduced D V ) foster frustration (bold red line), the remnant AFM interaction J Co−V (dotted blue line in Fig 4(a) ) still relieves frustration. An external magnetic field ( H = Hẑ) can help restore frustration by weakening J Co−V , thereby inducing the novel two-angle state of CoV 2 O 4 , as shown in Fig. 5 .
Magnetic field measurement
To check the effect of a magnetic field on CoV 2 O 4 , we carried out further elastic neutron-scattering measurements on the Co-rich single-crystal spinel Co 0.8 Mn 0.2 V 2 O 4 , which preserves the cubic structural and magnetic isotropies as in Fig. 4(a) but exhibits stronger scattering intensity than CoV 2 O 4 due to the larger size of the single crystal. The V 3+ AFM components in the ab-plane increase with the magnetic field (H z > 3 T), as indicated by the increased intensity of (020) (see Fig. 5(a) ). At H z < 3 T, the increased intensity of (220) reflects the reorientation of the magnetic domains; at H z > 3 T the (220) intensity is saturated, indicating that all magnetic domains are fully oriented and that the FIM components are constant. This is consistent with magnetization measurements on a polycrystalline sample, which provide a saturation field of ∼2 T [15] . Although our measurements can not disentangle the magnetic Using the spin model (Eq. 1) combined with DFT parameters (Fig 4(a) ), we confirm the increase in the canting angle with magnetic field in Fig. 5(c) . The two-angle AI/AO state has an energy within 0.1meV/unit-cell of the the one-angle TI/TO ground state in the Co-rich region. We predict that this new state is stabilized by a large magnetic field of about 140 T, as shown in Fig. 5(c Of course, the critical magnetic field (H z = 140 T) is too large for neutron scattering measurements. However, the first-order phase transition from the one-angle to the two-angle state may be captured by magnetic susceptibility measurements. Moreover, various methods can be employed to reduce the critical field. Since external pressure suppresses SIA and revives frustration as discussed in the previous section, pressure may also reduce the critical magnetic field. Contrary to the usual expectation, a magnetic field may strengthen frustration and noncollinearity in 
Discussion
It is natural to wonder if cations significantly smaller than Co 2+ such as Be 2+ can be substituted on the A-site to induce even more itinerancy and consequent frustration. However, a non-magnetic A-site cannot support localized V-spins so the system would become paramagnetic [20] . Because strong magnetic interactions between the A and B sites is required to maintain the localized V spins, Co is the only candidate A-site cation to support localized spins with enhanced J Co−V while inducing itinerancy on the B site. in an IR-heated image furnace (NEC) equipped with two halogen lamps and double ellipsoidal mirrors with feed and seed rods rotating in opposite directs at 25 rpm during crystal growth at a rate of 20mm/h.
Neutron-scattering experiments
Single-crystal neutron diffraction was performed to determine the crystal and magnetic structures using the four- Contamination from higher-order beams was removed using a cooled Be filter. The scattering plane was set in the (H,K,0) plane and the magnetic field was applied perpendicular to the scattering plane. The nuclear and magnetic structures were refined with the program FULLPROF [24] . Due to the domain re-orientation effect, intensities of both (220) and (020) diffractions increase sharply in small magnetic fields, but the (220) diffraction is saturated above about 3 T. The intensity of the (020) diffraction, corresponding to the magnetic component of V in the ab-plane, inceases linearly with field.
First-principles calculations
First-principles calculations were performed using density-functional theory within the local spin-density approximation with a correction due to on-site Hubbard interaction (LSDA+U ) as implemented in the Vienna ab initio simulation package (VASP-5.3) [25] . We used the Liechtenstein [26] implementation with on-site Coulomb interaction U = 6.0 eV and on-site exchange interaction J H = 1.0 eV to treat the localized 3d electron states in Co, Mn, and V; [33] .
Microscopic spin model
Spin states in spinels can be described by the following model Hamiltonian,
which contains six inequivalent sublattices. Isotropic exchange constants J Co−V describe nearest-neighbor interactions between the Co and V sites. J Co−Co and J V−V describe nearest-neighbor interactions between Co-sites and V-sites, respectively. The easy-axis anisotropy is assumed to be zero for the Co-sites, while for the B-site spins, the easy-axis anisotropy D V is along the local <111> direction. The azimuthal directions of each vanadium spin is constrained, but the canting angle θ i , described in Fig. 4 , is allowed to vary between 0 and 2π. Since θ i may have a unique value in adjacent planes, both the two-in-two-out and all-in-all-out configurations are possible. These angles are equal to the polar angle when θ i is between 0 and π, while the polar angles equals 2π − θ i and the azimuthal angle changes by π when θ i is greater than π.
The ground state spin configuration was found by minimizing the classical energy for a given set of parameters. To avoid local minima, this was accomplished by calculating the classical energy on a grid with θ i = 0 to 2π and finding the two angles with the lowest energy. This process was repeated for values of the external magnetic field ranging from 0 to 173 T.
The inelastic neutron cross section for undamped spin waves was calculated using the 1/S formalism outlined in
Ref. [34] and the qppendices of Ref. [35] . For direct comparison with experimental intensities, the effects of the magnetic form factor and the instrumental resolution were included in the calculation. The coefficients for Co 2+ , and V 3+ are from Ref. [36] . The resolution function was approximated as a Gaussian in energy with a full width at half-maximum of 1.5 meV. Effects from finite resolution in Q were not considered. At high pressures, we take D V = 0.0 in Eq.(1). Then, the total energy per unit magnetic unit cell is
where α = cos θ 1 + cos θ 2 . The total energy is at a minimum if
which limits the allowed combination of θ 1 and θ 2 . When θ 1 = θ 2 and D Co = D V = 0.0, this condition is equal to the expression for θ in ref. [28] . (triangles), (220) (circles), and (002) (squares) Bragg peak intensities for CoV2O4 (a) and MnV2O4 (b) measured by neutron diffraction at HB-3A. The peak intensities of (111) and (220) above the magnetic transition temperature are fully from the nuclear structure and were subtracted. The (002) peak is not allowed from the structural symmetry and fully originated from the magnetic scattering. The background was subtracted. All the magnetic peaks observed by our neutron diffraction are instrument resolution limited besides the peak broadening caused by the structural transition for MnV2O4, and thus indicate the long range ordered magnetic moments. The strongly-reduced intensity of (002) peak in CoV2O4 indicates that only tiny amount of V spin orders, which is caused by enhanced itinerancy. 
